suggestion that they represent novel neuronal receptors data show that Plexins do indeed function as neuronal Semaphorin receptors and that Plexins control imporfor unknown ligands.
Given that a divergent member of the Plexin/SEX famtant aspects of axon guidance. ily is a receptor for the viral Semaphorin A39R and that most Plexins are expressed in the developing nervous Results system, we wondered whether Plexins are neuronal Semaphorin receptors and whether they function to conIdentification of Two Drosophila Plexins trol axon guidance. To investigate this possibility, we Candidate partial cDNAs for Drosophila Plexins were have cloned and characterized the genes encoding two found in a screen for transmembrane and secreted Plexins in Drosophila.
cDNAs (Kopczynski et al., 1996 (Kopczynski et al., , 1998 1996) in the middle of the ectodomain ( Figures 1A and  and 2C ). Three G-P repeats are spaced ‫05ف‬ amino acids apart; the intervening sequences are not notably similar 2B). The membrane-proximal regions of the Plexin ectodomains contain another type of repeat that is rich in except that each contains two conserved cysteines. All of these features of the ectodomains are shared among glycine and proline residues (G-P repeats) (Figures 1A 4E ; 5B and 5C; Table 1 ). gene might be expected to show similar axon guidance defects as are displayed by embryos mutant for either In addition to the ISNb, the segmental nerve (SN) is also frequently abnormal, with defects resembling those Sema1a (Yu et al., 1998) or Sema2a (Winberg et al., 1998).
of Sema1a mutants (Yu et al., 1998) . In wild-type embryos, the SN exits the CNS, and its main branch, the In embryos lacking Plex A, we found axon guidance defects both in the CNS and in the projections of motor SNa, extends past the ventral muscle domain to the lateral muscle region. The SNa then divides into a lateral nerves to their muscle targets in the periphery. These embryos did not show any morphological abnormalities, and a dorsal branch at SNa choice point 1, and then further dorsally, bifurcates again at SNa choice point 2 muscle defects, or cell fate changes. Embryos from the Df(4)G strain (that does not remove PlexA) displayed ( Figure 3A) . In PlexA-deficient embryos examined at late stage 16, axons at the second choice point failed to normal axon guidance, indicating that the observed phenotypes are closely linked with the PlexA gene.
defasciculate from one another in roughly 70% of segments and instead extended dorsally as a single branch To test whether axon guidance phenotypes associated with the deficiency are actually due to the lack ( Figure 3C and Table 1 ). Projections within the CNS are also abnormal in both with the 1D4 mAb against Fas II. In wild-type embryos these tracts are evenly spaced and show fairly uniform Sema1a and PlexA mutants. Three major longitudinal axon fascicles on each side of the CNS are detected thickness. In embryos lacking Plex A, the outermost Table 1 ). The high of either gene leads to abnormal innervation in most degree of phenotypic correspondence strongly sugsegments. Removing one copy each of Sema1a and gests that these two genes encode components of the PlexA causes the same repertoire of defects in a similar same pathway. Because Sema 1a has been described proportion of segments as the single homozygous muas a repulsive ligand for growth cone guidance, we protants ( Figure 4F and Table 1 ). Likewise, the rate of defaspose that Plex A functions as a Sema 1a receptor for ciculation failures in the dorsal branch of the SNa is these guidance events.
almost the same in the transheterozygous combination as it is in the Sema1a or PlexA homozygous mutants An Additional Role for Plex A alone, roughly 70% ( Figure 3D ). The fraction of affected A further loss-of-function phenotype for PlexA is seen segments within the CNS is smaller in the transheterozyin the projection of the transverse nerve (TN). This nerve gotes (20% compared to 50% in Sema1a or PlexA) but is composed of two parts, a peripheral neuron that exstill much more than would be expected from simple tends an axon toward the CNS, and a pair of central addition (Ͻ10%). These results strongly suggest that Sema 1a and Plex A are in the same pathway and further neurons that project outward. These two projections suggest a direct physical interaction between the two normally extend toward one another along a shared proteins. mesodermal substrate, meeting and fasciculating near As a negative control, we made the double heterozymuscle 7. In PlexA-deficient embryos, growth cones gous combination between the PlexA deficiency and from the TN extend ectopic projections onto ventral mutations in the beaten path (beat) gene (Fambrough muscles in 36.5% of segments, compared with 2.8% in and Goodman, 1996). Beat has been shown to function the PlexA rescue background ( Figure 4D ). This phenoas a motor axon antiadhesion molecule; beat homozytype is not seen in Sema1a mutants, raising the possibilgous mutant embryos show highly penetrant ISNb and ity that Plex A may also interact with one or more addiISNd bypass phenotypes and often fail to innervate mustional ligands.
cles in the ventral domain. Nevertheless, mutations in beat do not show dominant interactions with either PlexA and Sema1a Loss-of-Function Sema1a or PlexA (Ͻ6% of segments abnormal, n ϭ 81).
Mutations Interact Genetically One way to check the hypothesis that Plex A functions PlexA Loss-of-Function Suppresses Sema1a as a Sema 1a receptor is to test for dominant genetic
Gain-of-Function Phenotypes interactions between the two genes. In most cases, reSema 1a is expressed by neurons and is required for ducing gene dosage by one copy (thus reducing protein appropriate defasciculation. Loss-of-function analysis by 50%) has little phenotypic effect. However, simultafor this gene does not indicate whether Sema 1a funcneously reducing the dose of two genes whose protein tions as a ligand or as a receptor. However, misexpressproducts function together may sufficiently impair their ing Sema 1a on muscles repels motor axons, demonstrating that Sema 1a is able to act as a target-derived combined function such that phenotypes appear. Such (Table 2 ). This dominant suppression of the the severity of the gain-of-function repulsion phenotypes.
Sema1a gain-of-function suggests that neuronally expressed Plex A acts downstream of Sema 1a in mediatWe used two different GAL4 enhancer trap lines (Lin and Goodman, 1994) to misexpress Sema 1a on muscle ing repulsion. Ectopic expression also provided a means to test subsets. The first, H94-GAL4, is highly expressed by muscle fibers 6 and 13, and moderately by muscle 12 for interactions between Plex A and Sema 1b, another
Drosophila protein similar to Sema 1a (Yu et al., 1997). (genetic rescue data suggest that it is also expressed by some motor neurons at a very low level, although
We used H94-GAL4 and F63-GAL4 to test whether Sema 1b can also act as a muscle-derived repellent and found this has never been directly visualized [Davis et al., 1997]). Using H94-GAL4 to drive UAS-Sema1a in these that it was equally capable in repelling motor axons as was Sema 1a (Table 2) . Likewise, reducing the gene dose muscles disrupts their innervation by ISNb axons, with the strongest effect seen at muscle 13. A second line, of PlexA suppresses to a similar extent the guidance defects caused by misexpression of Sema 1b. Based F63-GAL4, was used to drive UAS-Sema1a specifically in muscles 6 and 7, thereby inhibiting innervation at on the similarity of structure and sequence, as well as (Sema1a and PlexA) display the same axon guidance defects as seen in either homozygous mutant alone.
Discussion
This analysis is complemented by dominant suppression experiments, in which removing one copy of PlexA In this paper we present genetic and biochemical evidence that Plex A in Drosophila is a receptor for the partially suppresses the gain-of-function phenotype generated by misexpressing Sema 1a. These data provide transmembrane class I Semaphorins Sema 1a and 1b. We also show that Plex A controls important aspects compelling genetic evidence for a direct interaction between the products of the PlexA and Sema1a genes, of axon guidance, in part through its interaction with Sema 1a.
with PlexA acting downstream of Sema1a. and returns the motor axon projection back to nearly wild type (Fambrough and Goodman, 1996 
